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^  Mud-pulse  telemetry  is  a  method  for  communicating  diagnostic 
information  from  the  bottom  of  a  well  to  the  surface  while  the 
well  is  being  drilled.  Because  mud-pulse  telemetry  offers  poten¬ 
tial  for  improving  the  safety  of  hazardous  offshore  drilling  oper¬ 
ations,  the  U.S.  Geological  Survey  has  sponsored  a  research 
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20.  Abstract  (Cont'd) 

feasibility  of  applying  fluidic  flow  control  techniques  to  the 
design  of  a  reliable  high-speed  pulser  valve. 

>  During  these  investigations,  three  subscale  fluidic  mud¬ 
pulsing  circuits  were  tested  over  a  wide  range  of  drilling-fluid 
weights  and  viscosities  to  simulate  well-bore  conditions.  The 
tests  demonstrated  that  the  unusual  rheological  properties  of 
drilling  mud  cause  only  slight  changes  in  circuit  performance. 
Calculations  of  dynamic  conditions  in  the  drill  string  indicate 
that  similar  full-scale  circuits  would  generate  signal  pressures 
of  at  least  37  psi  (255  kPa)  at  a  200  gal/min  (0.76  m3/min) 
circulation  rate. 

y  Further  tests  of  circuit  dynamic  response  indicate  that  a 
similar  full-scale  pulser  will  have  a  frequency  response  of 
15  to  20  Hz.  Analytical  investigations  have  shown  that  both 
signal  amplitude  and  frequency  response  of  these  test  circuits 
may  be  improved  through  design  modifications. 

" HDL  is  now  engaged  in  an  ongoing  effort  to  optimize  the 
geometry  of  the  subscale  pulser  circuit.  A  full-scale  pulser 
will  then  be  constructed  and  tested  undd£  surface  and  downhole 
conditions  so  that  predicted  performance  can  be  verified. 
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INTRODUCTION 


Mud-pulse  telemetry  is  a  method  for  transmitting  diagnostic 
information  from  the  bottom  of  a  well  to  the  surface  during  normal 
drilling  operations.  This  method  has  been  under  development  for  many 
years  by  the  drilling  industry  because  of  the  potentially  great 
improvement  that  real-time  downhole  information  can  provide  in  drilling 
efficiency  and  safety.  However,  technological  problems  in  pulser  design 
have  caused  many  delays  in  the  application  of  the  concept. 

In  a  mud-pulse  telemetry  system,  electrical  signals  from  sensors 
near  the  drill  bit  are  used  to  actuate  a  pulser  valve.  Hie  valve 
responds  by  changing  its  effective  port  area,  which  in  turn  restricts 
the  flow  passing  through  the  valve.  Each  time  flow  is  restricted,  a 
wave  of  increased  pressure  is  produced  through  an  effect  commonly 
referred  to  as  water  hammer.  The  pressure  waves  travel  through  the  mud 
column  to  the  surface  where  they  are  detected  by  a  pressure 
transducer.  Tbe  sequence  of  waves  is  then  decoded  at  the  surface  and 
displayed  as  measurements  of  downhole  parameters  for  the  driller. 

Although  this  method  is  basically  very  simple  and  adaptable  for  use 
with  conventional  drill  pipe  hardware,  the  principal  factor  that  has 
limited  its  use  in  the  field  is  the  availability  of  a  reliable,  high¬ 
speed  pulser  valve. 

A  mud-pulser  valve  must  operate  in  severe  well-bore  environments  of 
pressure,  vibration,  and  shock.  A  valve  of  this  type  must  also  be 
designed  to  handle  erosive  fluids  at  flow  rates  comparable  to  full 
circulating  rates.  The  harsh  operating  environments  and  physical  loads 
on  the  valves  severely  limit  the  speed  and  reliability  of  the  mechanical 
components  in  mud-pulser  valves. 

Because  mud-pulse  telemetry  offers  great  potential  for  improved 
safety  in  offshore  drilling  operations,  the  Branch  of  Marine  Oil  and  Gas 
Operations  of  the  U.S.  Geological  Survey  (USGS)  has  funded  the  U.S. 
Army's  Harry  Diamond  Laboratories  (HDL)  to  investigate  the  application 
of  fluidic  technology  to  mud-pulser  valve  design.  Fluidic  technology 
involves  the  use  of  fluid  flow  phenomena  to  perform  control  functions 
such  as  pressure  amplif ication ,  digital  logic,  and  flow  throttling 
wihout  moving  parts.  To  perform  these  functions,  fluidics  uses  only  the 
energy  contained  in  moving  fluids  and  the  interaction  between  these 
fluids  and  channels  of  fixed  geometry.  As  an  alternative  to  mechanical 
valving,  fluidics  allows  higher  operating  speeds  and  increases 
reliability  through  the  elimination  of  moving  parts  and  seals. 


5 


The  specific  objectives  of  the  fluidic  mud-pulser  program  reported 
here  were  to 

(a)  determine  changes  in  performance  of  fluidic  components  due  to 
the  unusual  rheological  properties  of  drilling  muds, 

(b)  design  fluidic  circuits  for  pulsing  mud  flows, 

(c)  measure  the  performance  of  subscale  circuits  with  drilling  muds 
as  test  fluids, 

(d)  analyze  circuit  performance  data  to  obtain  guidelines  for  full- 
scale  circuit  design,  and 

(e)  calculate  dynamic  conditions  in  the  drill  string  so  that 
performance  of  a  full-scale  pulser  under  downhole  conditions  can  be 
predicted . 

2.  FLUIDIC  PULSERS 

2.1  General 


Two  fluidic  components,  a  fluidic  amplifier  and  a  vortex  valve, 
are  employed  in  the  mud-pulser  valves  described  in  this  report.  The 
components  are  used  to  control  flow  direction  and  rate  in  the  valve. 
The  essential  features  of  each  component  are  described  in  the  following 
sections . 


2. 2  Fluidic  Amplifier 

A  general  proportional  fluidic  amplifier  configuration  is  shown 
in  figure  1.  Typically,  these  devices  contain  a  supply  jet,  one  or  more 
control  jets,  an  interaction  region,  and  one  or  more  outlet  ports.  The 
channels  are  rectangular  and  usually  formed  by  standard  milling, 
chemical  etching,  or  stamping. 

Fluid  passes  through  the  supply  nozzle  in  the  form  of  a  jet 
flow.  Pressure  recovered  from  the  jet  is  available  at  the  output. 
(Control  signals,  consisting  of  pressures  and  flows  smaller  than  those  of 
the  supply  jet,  impinge  on  the  supply  jet  in  the  interaction  region  and 
deflect  the  supply  jet  between  two  outlets.  This,  in  turn,  alters  the 
distribution  of  pressure  across  the  outputs.  Amplification  occurs 
inasmuch  as  a  change  in  output  power  in  a  particular  outlet  can  be 
achieved  with  smaller  changes  in  control  power.  The  output  may  be 
proportional  to  the  input  signals  (analog  amplifiers,  fig.  1)  or  respond 
bistably  (digital  amplifiers)  to  input  commands. 


— — 
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Figure  1.  Proportional  amplifier  operation. 


Ttie  flow  geometry  of  a  digital  amplifier  is  shown  in 
figure  2.  In  a  digital  device,  each  side  of  the  supply  jet  is  bounded 
by  a  wall  imediately  downstream  from  the  control  nozzles.  The  Coanda 
effect — a  turbulent  jet's  property  of  attaching  itself  to  a  surface — 
causes  the  output  of  these  devices  to  be  bistable.  This  means  only  one 
of  the  outputs  is  pressurized  at  any  given  time.  The  output  remains 
pressurized  with  or  without  a  control  input  directing  flow  to  that 
output  port  and  regardless  of  output  load.  Flow  switching  occurs  when 
pressure  is  applied  to  a  particular  control  which  is  sufficient  to  force 
separation  of  the  supply  flow  from  the  wall. 

Tiie  gain  (ratio  of  output  power  to  control  power)  of  a  given 
device  is  determined  by  the  relative  location  of  the  walls,  the  flow 
splitter,  and  the  jet  exhaust.  Only  a  small  deflection  of  the  supply 
jet  is  required  to  initiate  the  full  diversion  of  the  supply  jet  to  the 
opposite  wall.  Ibis  phenomenon  is  due  to  the  viscous  interaction 
(commonly  called  entrainment)  between  the  hiqh-velocity  jet  flow  and  the 
surroundinq  fluid.  The  proximity  of  the  jet  to  the  wall  restricts  the 
entrainment  flow  which,  in  turn,  lowers  the  pressure  between  the  jet  and 
the  wall  that  it  is  approaching.  This  action  continues  until  the  jet  is 
sucked  towards  and  finally  attaches  to  the  opposite  wall.  The  location 
of  the  splitter  with  respect  to  the  jet  supply  nozzle  determines  how 
much  initial  deflection  must  be  caused  by  the  control  signal  before  this 
entrainment  effect  takes  place. 
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Bistable  amp  lit  it'i  operation  before 
a  control  signal  is  applied. 


Fiqure 


The  time  required  to  direct  the  flow  between  outputs  depends 
upon  several  geometric  factors  as  well  as  the  properties  of  the 
fluids.  A  detailed  analysis  of  the  factors  governing  response  time  is 
given  by  DrzewieckiO  Briefly,  however,  the  time  required  for  diverting 
the  flow  can  be  no  shorter  than  the  transport  time  for  a  particle  of 
fluid  to  cover  the  distance  between  the  supply  nozzle  and  the  outlet. 


1 7\  ,*f.  Drsewiecki,  The  Design  of  fluoric,  Turbulent,  li’a  1 1  Attachment 
Flip-Flops,  Proceedings  of  Fluidics  State-of-the-Art  Symposium,  Vol .  1, 
Harry  Piamond  Laboratories  (1<*T2)  . 


2.3  Vortex  Valve 


The  general  arrangement  of  a  vortex  valve  is  shown  in 

figure  3.  The  valve  contains  two  inlet  ports,  an  outlet  port — referred 
to  as  a  sink — and  a  cylindrical  chamber.  Tbe  sink  nozzle  has  two 

effective  outlet  areas  which  are  dependent  upon  which  inlet  is 
pressurized.  When  the  radial  inlet  is  pressurized,  flow  enters  the 
chamber  and  travels  directly  to  the  sink,  undergoing  only  the  small 
pressure  drop  associated  with  entering  a  reservoir.  The  effective  flow 
area  of  the  sink  is  at  its  maximum  value  under  this  condition.  When 
flow  enters  the  chamber  through  the  tangential  inlet,  a  tangential 

velocity  component  is  imparted  to  the  flow  by  the  chamber  walls,  and  a 

large  pressure  drop  is  developed  across  the  valve  because  of  the 
centrifugal  forces  exerted  by  the  rotating  fluid.  The  increased 
resistance  or  reduction  in  effective  area  reduces  the  amount  of  flow 
which  can  pass  through  the  valve. 


EASY 


HARD 


EFFECTIVE  AREA  =  MAX 
Q,  =  MAX 
P,  -  P,  =  C, 


EFFECTIVE  AREA  =  MIN 
Q,  =  MIN 

P>  -Pj  =  C, 


Q,  (MAX) 

- -  TURNDOWN 

Q,  (MIN)  WHEN  C,  =  C, 


Figure  3.  Vortex  valve  operation  showing  easy  and  hard  flow  directions. 
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With  a  constant  pressure  drop  across  the  valve,  the  ratio 
between  the  maximim  flow  and  minimum  flow  which  can  be  passed  through 
the  valve  in  each  case  is  used  to  define  the  change  in  effective  port 
area.  This  ratio,  referred  to  as  turndown,  is  used  to  indicate  the 
valving  effectiveness  of  the  device.  In  this  report  the  turndown  ratio 
is  obtained  from  measurements  of  each  flow  rate  at  equal  pressures 
between  the  inlet  ports  and  the  pressure  at  the  sink  nozzle  exhaust. 
The  geometric  parameters  which  influence  turndown  include  normalized 
radius,  r0/rg,  and  normalized  depth,  h/ r  ,  where  rQ  is  chamber  radius, 
r  is  exhaust  nozzle  radius,  and  h  is  chamber  depth. 


A  great  deal  of  research  and  development  work  has  been  devoted 
to  the  study  of  vortex  devices  of  various  types.  Results  of  many  of 
these  studies  are  summarized  elsewhere.’-14  Much  of  this  work  was 
directed  towards  optimizing  turndown  and  frequency  response.  Turndown 
ratios  of  3  to  10  are  considered  typical.  Since  the  effective  port  area 
of  a  given  device  determines  flow  capacity  and  other  physical 
dimensions,  it  also  determines  response  time. 


The  response  time  of  a  vortex  valve  is  the  time  required  for 
the  effective  area  or  flow  through  the  valve  to  change  from  a  maximum  to 
a  minimum  level.  Response  time  has  been  shown  by  various  experimenters 
to  be  proportional  to  the  volume  of  the  vortex  chamber  and  inversely 
proportional  to  the  flowrate. 


2.4  Pulser  Circuits 


Three  pulser  circuits  were  designed  and  tested  during  the 
course  of  the  mud-pulser  investigations.  Each  circuit  uses  a  fluidic 
amplifier  and  a  vortex  valve  to  produce  effective  flow  area  changes. 
Each  circuit  is  described  in  terms  of  its  operation  as  a  mud  pulser. 


- B .  F.  A.  Jacobs  and  P.  J.  Baker,  The  Steady-State  and  Transient 
Performance  of  Some  Large  Scale  Vortex  Diodes,  British  Hydromechanics 
Research  Association ,  Proceedinqs  of  the  5th  Cranf ield  Fluidics 
Symposium,  Vol .  1,  Uppsala,  Sweden  (1972). 

3D.  N.  Wormley ,  A  Review  of  Vortex  Diode  and  Triode  Static 
Characteristics  and  Dynamic  Design  Characteristics ,  HIT  Proceedings  of 
Fluidic  State-of-the-Art  Symposium,  Washington,  D.C.  (1974). 

S.  Fineblum,  Vortex  Diodes,  Bell  Laboratories  Proceedings, 
Fluidic  State-of-the-Art  Symposium ,  Vol  1,  Harry  Diamond  Laboratories 
(1974)  . 


2.5  Circuit  A 


Figure  4A  describes  the  essential  operating  features  and 
general  flow  configuration  of  circuit  A.  In  figure  4A  the  amplifier  jet 
is  shown  attached  to  the  wall  leading  to  the  radial  inlet  of  the  vortex 
valve  (solid  arrows).  Since  the  flow  passes  directly  to  the  sink,  the 
resulting  pressure  drop  across  the  circuit  is  low.  To  switch  the  pulser 
from  this  easy-flow  state  to  one  in  which  the  flow  rate  is  reduced  (the 
hard-flow  state),  a  control  signal  in  the  form  of  a  short-duration 
pressure  pulse  is  introduced  through  control  port  1. 


NOT  TO  SCALE 

Figure  4.  Pulser  geometries  for  circuits  A,  B,  and  C. 

As  the  control  pulse  exits  the  control  nozzle,  the  energy 
(pressure  times  flow)  in  the  pulse  raises  the  pressure  between  the 
supply  jet  and  the  wall.  The  rise  in  pressure  separates  the  attached 
flow  from  the  wall  and  causes  the  jet  to  attach  to  the  opposite  wall,  as 
shown  by  the  broken  arrows.  The  energy  associated  with  the  supply  jet 
flow  produces  a  vertex  which  reduces  the  effective  area  of  the  sink 
nozzle.  As  the  flow  area  is  reduced,  the  pressure  in  the  radial  port 
increases  and  reduces  the  amount  of  flow  which  can  pass  through  the 
amplifier  and  drill  string.  ITie  energy  of  the  inlet  flow  is  then 
expended  in  compressing  the  flow  entering  the  valve.  A  wave  (water 
hammer)  of  increased  pressure  forms  and  propagates  back  through  the 
string.  The  pressure  is  returned  to  its  original  level  when  the  jet  is 
deflected  by  a  second  control  pulse  (through  port  2)  back  to  its  former 
state.  The  change  in  pressure  produced  by  the  change  in  effective  flow 
area  or  inlet  velocity  represents  the  signal  which  would  carry  digitized 
information  to  the  surface. 
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2.6  Circuit  B 


The  operation  of  circuit  B  (fig.  4B)  is  similar  to  that  of 

circuit  A  with  one  exception:  the  amplifier  supply  jet  is  used  to 

alternately  pressurize  one  of  two  tangential  inlets  to  the  vortex 
chamber.  In  either  stable  state,  the  flow  through  the  pulser  is 

restricted.  However,  the  direction  of  the  rotating  flow  is  reversed 
each  time  a  signal  is  applied  across  the  controls.  Since  the  flow  rate 
or  pressure  drop  in  the  vortex  chamber  depends  on  the  tangential 
velocity  of  rotation  and  since  the  tangential  velocity  goes  from  a 

maximum  value  in  one  direction  through  zero  to  a  maximum  value  in  the 
opposite  direction,  the  flow  and  pressure  in  the  chamber  will  vary 
accordingly.  Therefore,  during  switching  there  is  a  momentary  increase 
in  flow  rate  (and  effective  area)  for  the  pulser.  In  this  circuit  the 
duration  of  this  action — or  the  length  of  the  pulse  which  is  propagated 
back  through  the  inlet — is  determined  by  the  time  required  to  reverse 
the  flow  direction. 

2.7  Circuit  C 

Circuit  C  (fig.  4C)  was  configured  to  reduce  the  physical  size 
of  the  fluidic  amplifier,  reduce  the  nominal  energy  losses  in  the 
amplifier,  and  reduce  the  control-signal  energy  requirements.  In  this 
circuit  the  amplifier  passes  50  percent  of  the  total  circuit  flow;  the 
second  tangential  inlet  carries  the  remaining  50  percent.  The  combined 
effect  of  the  two  tangential  inlets  produces  the  vortical  motion  which 
impedes  the  flow.  However,  when  the  flow  is  diverted  and  combines  with 
the  flow  issuing  through  the  second  inlet,  the  vortex  ceases,  and  the 
valve  discharges  flow  easily.  The  flow  remains  in  this  condition  until 
a  control  pulse  is  applied,  and  the  action  is  reversed. 

2 . 8  Mud-Pulser  Circuit  Analysis 

The  performance  of  a  fluidic  mud  pulser  has  been  analyzed  in 
terms  of  the  flow  and  pressure  conditions  in  the  pulser.  This  analysis 
allows  for  both  greater  understanding  of  the  loss  mechanisms  in  the 
pulser  and  easy  comparison  of  the  performance  of  various  pulser 
models.  Losses  in  the  pulser  are  especially  detrimental  in  the  easy 
flow  direction  because  they  not  only  tend  to  decrease  the  turndown  ratio 
but  also  require  a  larger  pulser  to  pass  the  required  flow  at  a  given 
pressure  drop. 

Losses  in  a  pulser  result  from  loss  of  dynamic  head  through 
friction.  These  losses  occur  between  the  power  jet  of  the  fluidic 
amplifier  and  the  exit  nozzle  of  the  vortex  valve.  The  average  power 
jet  velocity  (V  j)  is  found  from  the  flow  rate  (Q)  through  the  pulser. 
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where  A1  is  the  area  of  the  power  jet. 


Tlie  velocity  head  of  the  power  jet  is  the  pressure  drop  from 
the  total  pressure  (p  )  feediny  the  amplifier  to  the  static  pressure 
[p^)  in  the  amplifier.  Thus 


P 
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where  p  is  the  density  of  the  fluid  passiny  through  the  pulser,  and  k1 
is  the  discharge  coefficient.  A  portion  of  this  kinetic  energy  is  lost 
to  turbulence  and  friction  while  the  fluid  passes  through  the  amplifier, 
and  another  portion  is  lost  when  the  fluid  enters  the  vortex  valve 
chamber.  If  the  pressure  recoverable  in  the  output  leg  of  the  amplifier 
is  Riip,  “  PjJ,  where  R.,  is  an  assumed  pressure  recovery  factor,  then 
the  total  pressure  recovered  in  the  vortex  valve  is  Pj  +  RiK2^po  ~  pi*' 
where  R2  is  the  fraction  of  the  remaining  kinetic  energy  recovered  in 
the  vortex  valve.  The  flow  rate  through  the  vortex  valve  is  thus 


Q  =  *2*2 

where  A2  is  the  area  of  the  vortex  valve  outlet,  k2  is  the  associated 
discharge  coefficient,  and  PR  is  the  back  pressure  on  the  vortex 
valve.  Equation  (2)  may  be  used  to  eliminate  so  that 


Equation  (4)  may  be  written  completely  in  terms  of  measured  parameters 
by  use  of  equation  (1).  Solving  for  the  vortex  valve  discharge 
coefficient,  k2,  yields 


v  2h +  RiR2  (po  -  pi)  ■  Ppj 
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Equation  (5)  has  been  used  in  the  analysis  of  experimental  data  taken  on 
mud-pul ser  circuit  A.  The  experiment  and  analysis  are  described  in 
section  3.2. 

The  effective  area,  \>fft  °f  a  pulser  is  defined  as  that  area 
which,  when  subjected  to  the  same  pressure  differential  as  the  circuit, 
passes  the  same  flow  rate.  The  effective  area  is,  thus,  qiven  by 


Aeff  =  2(Po  -  Pb)/P  *  ((’: 

Equation  (6)  can  be  used  to  calculate  the  effective  area  of  a  pulser 
circuit  from  experimentally  determined  values  of  flow  rate  and  pressure 
drop. 

By  solving  equation  (5)  for  Q  and  combining  it  with  equation 
(6),  we  can  show  that  the  effective  area  is  given  by 

1/A2  = 


Therefore,  once  discharge  coefficients  are  known  for  the  fluidic 
amplifier  nozzle  and  the  vortex  valve  exhaust  nozzle,  equation  (7)  may 
be  used  to  estimate  changes  in  a  circuit's  effective  area  as 
improvements  are  made  in  pressure  recovery  or  discharge  coefficient. 
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3.  EXPERIMENTS  AND  RESULTS 
3.1  Introduction 


An  experimental  investigation  of  pulser  circuits  A,  R,  and  C 
has  been  conducted  to  (a)  determine  the  performance  changes  in  specific 
pulser  test  circuits  when  drilling  muds  are  employed  as  the  flow  media, 
(b)  relate  changes  in  performance  to  changes  in  properties,  (c) 
establish  a  method  of  estimating  the  type  of  performance  which  current 
circuit  configurations  would  provide  in  a  full-scale  circulating  system, 
and  (d)  estimate  how  possible  design  improvements  might  affect  the 
overall  functional  characteristics  of  a  fluidic  mud-pulse  telemetry 
transmitter . 

The  principal  experiments  were  conducted  on  circuit  A.  These 
experiments  consisted  of  measuring  the  pressure-flow  characteristics  of 
circuit  A  in  the  easy  flow  and  restricted  (hard)  flow  operating  modes. 
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Additional  experiments  were  conducted  on  circuits  A,  B,  and  C 
to  verify  amplifier  bistability,  to  measure  frequency  response,  and  to 
provide  qualitative  information  on  flow  modulation  and  overall 
performance. 

Ttie  test  circuits  used  in  the  experiments  were  formed  in  flat 

brass  base  plates  by  the  use  of  an  optical  tracer  milling  machine.  The 

base  plate  contained  all  flow  channels.  The  channels  were  covered  with 
a  second  plate  which  was  secured  with  screws  and  contained  pressure  taps 
and  control  input  connectors.  Figure  5  shows  the  circuit  A  assembly. 

The  test  fluids  were  formulated  with  water  as  the  base  fluid, 
bentonite  to  build  viscosity,  and  barite  as  a  weighting  material.  Table 
I  lists  properties  of  the  three  muds  used  to  test  the  pulser  (water  was 
also  used  as  a  test  fluid)  .  Mud  I  was  made  from  fresh  water  with  20 
lb/barrel*  of  bentonite.  Mud  I  was  an  unweighted  mud  with  a  density  of 
8.4  ppg  (pounds  per  gallon). t  Mud  II  was  made  from  Mud  I  by  weighting 
it  up  with  barite  to  a  density  of  12.0  ppg.  Mud  II  was  then  diluted 

with  water  and  weighted  up  with  barite  to  a  density  of  15.3  ppg  to  make 

Mud  III.  Mud  rheological  properties  were  measured  with  a  Baroid 
variable-speed  viscometer.  Ttie  gel  strength  and  yield  point  are 
considered  quite  high  for  Mud  III,  while  its  plastic  viscosity  and 
density  have  moderate  to  high  values  for  drilling  muds  found  in  the 
field. 

TABLE  I.  MUD  PROPERTIES 


Property 

Mud  I 

Mud  II 

Mud  III 

Density  (ppg)a 

• 

00 

12 

15.3 

Plastic  viscosity 
( cps ) b 

11 

20 

27 

Yield  point 
(lb/100  ft2)c 

Gel  strength 
(lb/100  ft2) 

8 

19 

6 

10  s 

7 

30 

23 

10  min 

28 

85 

51 

a (ppg) 119 .8  =  (kg/m3) 

b  _  o 

(cps)10  3  =  (Pa~s) 

C (lb/ 100  ft2) 0.4788  =  (Pa) 


* (lb/barrel)  =  \(g/350  cm3). 
' (ppg) 119 .8  -  (kg/m3). 


Figure  5.  Circuit  A  assembly. 


TTie  test  apparatus  used  for  the  circuit  A  experiments  is  shown 
schematically  in  figure  6.  Hiqh-pressure  nitrogen  was  used  to  circulate 
mud  from  the  supply  chamber  through  a  second  chamber  containing  the  test 
circuit  and  into  a  reservoir  chamber.  The  operating  pressure  across  the 
test  circuit  was  maintained  by  a  supply  regulator  and  a  back-pressure 
regulator  located  on  the  top  of  each  container. 

A  back  pressure  of  200  psi*  was  maintained  during  all  tests  to 
eliminate  cavitation  in  the  circuit.  This  back  pressure  was  considered 
high  enough  to  eliminate  cavitation  for  supply  pressures  up  to  400  psi 
(200-psi  differential  pressure  across  the  pulser).  Higher  back 
pressures  were  not  considered  necessary  even  though  downhole  well-bore 
pressures  reach  10,000  psi  or  greater,  because  fluid  properties 
(viscosity  and  density)  do  not  change  sign i f icant 1 y  even  at  these  high 
pressures.  Test  fluid  viscosities  and  densities  varied  over  much  wider 
ranges  than  back  pressure  can  cause,  so  the  tests  are  considered 
representative  of  downhole  conditions. 
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Figure  6.  Test  apparatus  for  circuit  A. 


TTie  direction  of  flow  through  the  test  circuit  (hard  or  easy 
flow  state)  was  set  during  circulation  but  before  flow  measurements  were 
made*  The  direction  was  set  by  allowing  a  pressurized  flow  to  enter  the 
required  control  port  through  a  three-way  valve.  The  control  flow  was 
then  shut  off  while  flow  measurements  were  made. 

The  flow  rate  was  determined  from  measurements  of  the  time 
required  to  displace  a  known  volume  of  fluid.  Two  ultrasonic  level 
detectors  located  a  fixed  distance  apart  were  used  to  actuate  a  timer, 
'ttie  distance  between  the  detectors  and  the  ctoss-sectional  area  of  the 
chamber  determined  the  supply  volume,  which  was  measured  to  be  3.01 
gal  .* 


*( gal)3.  785  «  10"  3  =  (m3), 
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3.2  Test  Results  and  Analysis — Circuit  A 

From  equations  (1)  to  (6)  and  from  measured  values  of  flow  rate 
(Q)  versus  pressure  drop  across  the  pulser  [p  -  PBJ,  it  is  possible  to 
calculate  jet  velocities,  internal  static  pressures  (.P^j,  and  the 
discharqe  coefficient  of  the  vortex  valve — provided  certain  assumptions 
are  made  about  dynamic  losses  in  the  pulser.  In  the  followinq  analysis 
of  the  data  obtained  on  circuit  A,  it  has  been  assumed  that  the  pressure 
recovery  ( )  of  the  fluidic  amplifier  is  0.5,  a  typical  value  for 
bistable  amplifiers  of  this  design.  This  assumption  means  that  if  the 
total  pressure  were  measured  in  the  output  leg  of  the  amplifier,  it 
would  be  P.  *  0.5(po  -  P^ ) •  The  jet  from  the  output  leg  then  enters  the 
vortex  valve.  If  it  enters  radially  (the  easy  direction),  then  the 
vortex  valve  chamber  acts  like  a  pure  volume  and  all  the  dynamic  head  is 
lost  to  turbulence.  If  it  enters  tangentially  (the  hard  direction), 
then,  ideally,  all  the  enerqy  in  the  jet  forms  the  vortex,  and  none  of 
the  dynamic  head  is  lost.  Thus,  in  the  following  analysis  of  mud-pulsar 
performance  data,  the  pressure  recovery  [r^]  of  the  vortex  valve  has 
been  assumed  to  be  zero  in  the  easy  direction  and  unity  in  the  hard 
direction.  The  discharge  coefficient  of  the  fluid  amplifier  was  assumed 
to  be  0.95  in  all  calculations. 

The  most  significant  measure  of  pulser  performance  is  its 
effective  area,  Aeff»  defined  in  equation  (6).  It  is  this  effective 
area  that  changes  when  the  pulser  switches  between  its  easy  and  hard 
flow  directions.  The  ratio  (at  a  constant  pressure  drop  across  the 
pulser)  of  the  effective  area  in  the  easy  direction  to  the  effective 
area  in  the  hard  direction  is  defined  as  the  turndown  ratio  of  the  mud- 
pulser  circuit. 

Ttie  effective  areas  calculated  from  the  data  taken  on  pulser 
circuit  A  are  presented  in  figure  7.  This  circuit  had  an  amplifier 
power  jet  area  of  0.04  in.^*  (0.4-in.  depth,  0.1-in.  wi  th)  and  a  vortex 
valve  outlet  area  of  0.0556  in.*1  (0.266-in.  diameter).  Turndown  ratios 
derived  from  these  data  are  2.7  for  water,  2.45  for  Mud  I,  and  2.35  for 
Muds  II  and  III. 

It  is  interesting  to  note  that  the  effective  area  increases  in 
both  the  easy  and  hard  directions  as  the  mud  viscosity,  increases.  In 
the  easy  direction,  this  increase  is  probably  due  to  decreased 
turbulence  in  the  vortex  valve  chamber;  in  the  hard  direction,  the 
increase  is  probably  due  to  increased  radial  leakage  to  the  drain 
through  the  boundary  layer  of  the  vortex. 

Maximum  power  jet  velocities  (neglecting  losses)  through  the 
fluid  amplifier  are  shown  in  figure  8  as  a  function  of  pressure  drop 
across  the  pulser.  These  velocities  were  calculated  from  the  data  taken 

* (in .) 2 .54  =  (cm) . 
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on  the  pulser  and  the  dynamic  head  calculated  from  equations  (1)  and 
(2).  These  jet  velocities  are  the  highest  velocities  in  the  pulser  and 
should  be  used  for  erosion  considerations. 

The  vortex  valve  discharge  coefficient  (again  calculated  from 
data  taken  on  the  pulser)  is  shown  in  figure  9  as  a  function  of  pressure 
drop  across  the  vortex  valve.  Ttie  coefficient  in  the  easy  direction 
varies  frcm  about  0.45  to  0.7.  This  low  value  indicates  the  possibility 
of  some  vorticity  in  the  flow  pattern  in  the  vortex  chamber  even  in  the 
easy  direction.  Eliminating  this  vorticity  could  significantly  improve 
the  pulser  performance — provided  the  fluidic  amplifier  could  also  be 
increased  in  size  to  keep  the  power  jet  velocities  low.  As  shown  in 
section  4,  however,  even  the  turndown  ratios  achieved  with  circuit  A  are 
sufficient  for  generating  high-amplitude  signal  pressures  in  the  mud 
flow.  Further  improvement  of  pulser  efficiency,  however,  would  allow 
greater  design  flexibility. 
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Figure  7.  Effective  area  of  circuit  A  versus  pressure  drop. 


3.3  Mud-Pulser  Flow  Tests — Circuits  B  and  C 


The  flow  tests  on  circuit  A  showed  that  pulser  performance 
could  be  significantly  improved  if  the  discharge  coefficient  of  the 
vortex  valve  in  the  easy  flow  direction  could  be  improved.  Circuits  B 
and  C  were  designed  to  achieve  this  improvement. 

In  circuit  B,  the  easy  flow  direction  is  not  a  stable  state  but 
exists  only  as  the  transition  between  the  two  states  of  high  vorticity 
in  opposite  directions.  Thus,  the  turndown  ratio  could  not  be  directly 
measured.  An  experiment  is  currently  under  design  to  measure  the 
turndown  indirectly  as  a  function  of  pressure  drop  across  the  pulser. 
Circuit  B  was  operated  with  tap  water  at  about  30-psi  power  jet  pressure 
while  high-speed  movies  were  taken  of  the  vortex  valve  exhaust  flow. 
The  movies  showed  that  a  jet  of  well-streamlined  flow  left  the  vortex 
valve  between  stable  states  of  high  vorticity.  Figure  10  is  a  sample 
film  strip.  The  sequential  photographs  illustrate  the  change  in  flow 
pattern  at  the  exhaust  nozzle  of  the  pulser  as  it  switches.  The 
parallel  streamlines  indicate  maximum  flow  from  the  pulser;  the 
umbrella-shaped  streamlines  illustrate  the  high  vorticity  of  the  minimum 
flow  condition. 

In  further  tests  on  circuit  B,  the  static  pressure  in  the 
output  leg  of  the  fluidic  amplifier  was  monitored  with  a  piezoelectric 
pressure  transducer.  The  pulser  was  supplied  directly  from  a 
pressurized  reservoir  at  pressures  up  to  60  psi.  The  supply  pressure 
was  thus  constant  during  switching  of  the  pulser;  however,  the  static 
pressure  in  the  output  leg  of  the  amplifier  dropped  significantly  during 
switching  because  of  the  temporary  increase  in  vortex  valve  effective 
area.  It  was  not  possible  with  the  equipment  used  to  obtain 
quantitative  measurements  of  pressure  amplitudes,  but  the  duration  of 
the  pressure  drop  was  determined.  In  this  case  the  duration  of  the 
pressure  drop  indicates  the  period  of  the  maximum  operating  frequency  of 
the  vortex  valve. 

The  measurements  showed  that,  for  the  subscale  pulser  tested, 
the  period  of  switching  is  inversely  proportional  to  flow  rate  (or  the 
square  root  of  the  pressure  drop)  through  the  pulser.  At  60-psi 
pressure  drop  across  the  pulser,  the  period  was  about  30  ms, 
corresponding  to  a  frequency  of  33  Hz.  Tests  with  Mud  III  showed  no 
difference  in  response  time  between  mud  and  water. 

Theory  indicates  that  the  response  time  of  a  vortex  valve  is 
inversely  proportional  to  flow  rate  but  directly  proportional  to  the 
volume  of  the  vortex  chamber.  This  means  that,  when  the  present  pulser 
is  scaled  up  to  a  full-size  operating  valve,  the  response  time  will  be 
proportional  to  the  linear  scaling  factor.  Present  estimates  are  that  a 
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full-scale  (400  gal/min)  pulser  operating  at  a  pressure  differential  of 
100  psi  or  greater  will  have  an  upper  cutoff  frequency  between  15  and 
20  Hz.  This  should  be  considered  a  minimum  estimate  of  cutoff 
frequency,  because  further  improvements  in  valve  dynamics  can  be 
expected . 


Figure  10.  Sequential  photographs  of  the  switching  of 
circuit  B  (200  frames/s) . 
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Circuit  C  is  a  modification  of  circuit  B  to  provide  a  stable 
easy  flow  condition.  Only  brief  qualitative  observations  have  been  made 
to  date  on  circuit  C  with  tap  water  at  low  pressure  differentials. 
These  tests  established  that  flows  from  the  two  inlets  into  the  vortex 
valve  could  be  balanced  to  provide  a  stable  easy  flow  condition. 
Although  no  measurements  were  made,  switching  of  the  pulser  appeared  as 
rapid  as  for  circuits  A  and  B. 


4.  ANALYSIS  OP  DYNAMIC  PERFORMANCE  IN  A  CIRCULATING  SYSTEM 

To  predict  the  dynamic  performance  of  a  mud  pulser  in  a  circulating 
system,  it  is  necessary  to  account  for  the  dynamic  flow  conditions  in 
the  drill  string  as  well  as  the  performance  of  the  pulser.  If,  for 
example,  the  pulser  is  close  to  the  mud  pump,  the  steady-state  flow 
conditions  will  be  attained  quickly  even  if  the  effective  area  of  the 
pulser  is  changed  rapidly.  Under  steady  flow  conditions,  the  pressure 
drop  across  the  valve  will  be  inversely  proportional  to  the  square  of 
the  effective  area  of  the  pulser,  because  the  flow  rate  will  remain 
virtually  constant  even  though  the  effective  area  of  the  valve  has 
changed . 

If,  however,  the  pulser  were  situated  downhole,  a  change  in  pressure 
at  the  pulser  (caused  by  a  change  in  pulser  area)  would  not  be  sensed  at 
the  pump  until  the  pulse  traveled  the  distance  between  the  pulser  and 
pump  at  the  speed  of  sound.  Thus,  by  the  time  the  mud  pump  is  affected 
by  the  initial  change  in  area,  the  pulser  will  have  changed  area  many 
times.  Under  these  conditions  the  flow  rate  through  the  pulser  will  not 
remain  constant.  For  this  case,  the  pressure  signal  generated  by  the 
pulser  as  its  effective  area  is  changed  will  be  determined  by  the  water- 
hammer  relationship  between  the  change  in  flow  and  the  change  in 

pressure . 

The  time-averaged  flow  rate  through  the  pulser  is  determined  by  the 
pumping  rate  set  at  the  surface.  If  the  pulser  is  assumed  to  have  two 
states  with  effective  areas  and  A2eff,  then  there  will  be  two  flow 

rates,  Q1  and  Q2,  in  the  drill  pipe  at  the  pulser.  If  it  is 

additionally  assumed  that  the  pulser  spends  equal  times  in  these  two 
states,  then  the  average  flow  rate  is  (q1  +  Q2)/2.  Thus,  if  the  pump 
rate  is  Q,  then 


Ql  +  Q2  =  2Q 


(8) 


23 


The  water-hammer  relationship  determines  the  relationship  between 
the  change  in  flow  rate  and  the  change  in  pressure  upstream  of  the 
pulser;  thus, 

Ql  -  Q2  =  K(P2  -  Pi )  ,  (9) 

where  K  =  A/ PC,  A  is  the  internal  area  of  the  pipe,  P  is  the  density  of 
the  fluid  passing  through  the  pulser,  C  is  the  speed  of  sound  in  the 
fluid,  and  P1  and  P0  are  the  pressure  upstream  of  the  pulser  for  the  two 
pulser  states.  If  the  pulser  is  assumed  to  be  in  series  with  and 
upstream  of  a  drill  bit  with  an  effective  area  A3,  then  the  following 
equations  relate  the  flow  rate  to  the  pressure  drop  across  the  pulser 
and  the  drill  bit  (pressure  downstream  of  the  drill  bit  is  assumed 
constant  and  all  presures  are  referenced  to  it): 


(10) 


(11) 


Q 


2 

1 


Q 


2 

2 


(12) 


(13) 


where,  for  the  two  pulser  states,  Pp  1  and  PR?  are  the  pressures  between 

the  pulser  and  the  bit,  V  2/p,  K2  =  ^eff  ^  2/p ,  and  = 

A3  V  2/p .  These  six  equations — (8)  through  (13) — have  six  unknowns,  Q^, 
Q2,  Pj,  P2,  P01,  and  pb2'  so  they  uniquely  describe  the  operating 

conditions  at  the  pulser  when  the  pulser  effective  areas,  A1eff  and 

A2eff'  the  bit  effective  area»  A3*  an<1  the  average  flow  rate,  Q,  are 

given . 


Equations  (8)  through  (13),  when  solved  for  Q2, 
following  quadratic  equation  in  Q2. 


result  in  the 


(14) 


^  * 


Thus,  given  the  effective  areas  of  the  mud  pulser  (a.,  and  A~J,  the  bit 
area  ( A^ ) ,  the  mud  density  (P),  and  the  average  flow  rate  through  the 
pulser  (determined  by  the  flow  rate  (Q)  at  the  pump),  it  is  possible  to 
calculate  the  dynamic  downhole  conditions.  Tbe  results  of  such  a 
calculation  are  shown  in  table  II  along  with  calculations  of  the  steady- 
state  pressure  that  would  be  expected  if  the  pulser  were  closer  to  the 
mud  pump  or  if  it  were  steadily  operated  in  either  the  easy  or  hard 
direction.  Hie  relationships  in  table  II  apply  to  any  mud  pulser  in 
which  the  area  changes  are  as  indicated. 

TABLE  II.  PULSER  DYNAMIC  PERFORMANCE 

Drill  pip*  ID  -  3.75  In.  (9.52  cm) 

Bit  area  -  0.35  In.2  (2.26  an2) 

Mud  density  ■  10  ppg  (119ft  kg/m^) 

Sound  speed  -  4710  ft/s  (  1435  m/s) 

Easy  pulser  ares,  A1-ff  *  t.O  In.2  (6.45  cm2) 


Pulser  operating  conditions1’ 


Steady  state 

Dynam lc 

Average  circulation 
flow  rat*  (gal/mir. ,* 

Hit 

pressure 

Upstream  pressure 

lp.U° 

Siqnal 

pressure 

Flow  rate 
( gal/m In)* 

Hit  pressure 

i  p«iic 

Upstream  pressure 
(psl)c 

Signal 

pressure 

Hard 

Easy 

Hard 

|  Easy 

Hard 

j 

Hard 

Easy 

( psi ) 

For  flow  rat*  -  100 

75 

108 

83 

25 

97 

103 

70 

79 

102 

88 

14 

200 

299 

432 

3  32 

100 

192 

208 

2  75 

324 

397 

360 

37 

400 

»2.ff  '  ‘"j2 

0.2  cm2) 
(Turndown  •  2) 

1197 

1728 

1329 

401 

380 

420 

1078 

1321 

1557 

1468 

89 

For  flow  rate  *  100 

75 

20ft 

83 

125 

88 

1 12 

57 

94 

159 

105 

54 

200 

299 

831 

3  32 

499 

168 

2  32 

211 

402 

587 

447 

140 

400 

■  «•» 

(1.6  cm') 
(Turndown  -  4) 

1197 

3322 

1329 

1993 

325 

475 

792 

1684 

2200 

1871 

329 

* (ft/siO.  3048  *  (m/s) 


b 

All  pressures  are  referenced  to  dowhnhole  prt'ssarr 
C (psi )b .895  *  (kPu) 

Examination  of  table  II  shows  that  the  dynamic  signal  pressure 
(water  hammer)  is  much  less  than  would  be  expected  from  steady-state 
operating  characteristics.  However,  if  the  turndown  ratio  is  greater 
than  2  and  the  flow  rate  is  200  gal/min*  or  higher,  then  the  dynamic 
signal  pressure  is  at  least  37  psi . 

Use  of  calculations  such  as  these  allows  pulser  size  and  turndown 
ratios  to  be  optimized  for  a  given  bit  area  and  mud  flow  rate.  Accurate 
calculations  of  downhole  conditions  are  also  necessary  for  valid 
interpretation  of  field-test  data. 


* (gal/min) 6 . 31  x  20-5  =  m3/s. 


5. 


SUMMARY  AND  CONCLUSIONS 


The  HDL  mud-pul ser  program  is  being  conducted  to  determine  areas  in 
which  fluidic  technology  can  be  applied  for  the  improvement  of  mud- 
pulser  valve  speed  and  reliability.  To  date  the  program  has  consisted 
of  an  experimental  and  analytical  study  of  three  subscale  fluidic  mud¬ 
pulsing  circuits.  The  results  of  the  study  are  as  follows. 

(1)  The  unusual  rheological  properties  oL  drilling  mud  do  not 

significantly  affect  the  bistable  operation  of  digital  fluidic 
amplifiers  for  the  scale  and  flow  rate  of  the  tests. 

(2)  The  increased  viscosity  of  drilling  mud  causes  a  slight 

increase  (relative  to  water)  in  the  effective  area  of  the  vortex  valve 
in  both  the  maximum  and  minimum  flow  states. 

(3)  The  turndown  ratio  of  the  experimental  pulser  circuit  A  varied 

from  2.7  for  water  to  2.35  for  15.3  ppg  mud. 

(4)  The  pulser  turndown  ratio  can  be  improved  over  the  experimental 
model  by  an  increase  in  the  vortex  valve  discharge  coefficient  in  the 
maximum  flow  state. 

(5)  Measured  response  times  for  circuit  n  indicate  that  a  full- 
scale  pulser  valve  will  have  a  frequency  response  of  15  to  20  Hz.  This 
response  could  possibly  be  increased  through  improved  valve  dynamics. 

(6)  Calculations  of  dynamic  conditions  in  the  drill  string  indicate 
that  the  turndown  ratios  of  the  experimental  pulser  would  generate 
signal  pressures  of  at  least  37  psi  at  a  200-gal/min  circulation  rate. 

HDL  is  now  engaged  in  an  ongoing  effort  to  optimize  the  geometry  of 
the  subscale  pulser  circuit  for  turndown  ratio  and  frequency  response. 
A  full-scale  pulser  will  then  be  constructed  and  tested  under  surface 
and  downhole  conditions  so  that  predicted  performance  can  be  verified. 


NOMENCLATURE 


Drill  pipe  internal  area 

Effective  areas  of  the  mud-pulser  valve,  defined  in  equation 
(6) 

Power  jet  area  for  the  bistable  amplifier 
One  of  the  two  pulser  effective  areas 
Area  of  the  vortex  valve  outlet 

One  of  the  two  pulser  effective  areas 
Total  bit  nozzle  effective  area 

Coefficient  of  quadratic  equation 
Coefficient  of  quadratic  equation 
Speed  of  sound 

Coefficient  of  quadratic  equation 
Depth  of  vortex  valve  chamber 
Water-hammer  equation  coefficient 
Defined  in  text,  equation  (10) 

Defined  in  text,  equation  (11) 

Defined  in  text,  equation  (12) 

Defined  in  text,  equation  (14) 

Defined  in  text,  equation  (14) 

Discharge  coefficient  for  the  bistable  amplifier 
Discharge  coefficient  for  the  vortex  valve  exhaust  nozzle 
Pressure  downstream  of  the  vortex  valve 

One  of  the  two  drill-bit  pressures  during  pulser  operation 

(pulser  effective  area  =  Alg^) 

One  of  the  two  drill-bit  pressures  during  pulser  operation 

(pulser  effective  area  =  A2e^) 


NOMENCLATURE  (Cont'd) 


Internal  static  pressure  in  the  bistable  amplifier 
Total  pressure  supplied  to  the  mud  pulser 

One  of  the  two  pressures  upstream  of  the  pulser  during 

operation  (pulser  effective  area  =  A1eff) 

One  of  the  two  pressures  upstream  of  the  pulser  during 

operation  (pulser  effective  area  =  A2efj) 

Average  flow  rate  through  the  pulser 

One  of  the  two  flow  rates  through  the  pulser  during  operation 
(pulser  effective  area  =  Al^^) 

One  of  the  two  flow  rates  through  the  pulser  during  operation 
(pulser  effective  area  =  ^eff) 

Pressure  recovery  of  the  bistable  amplifier 

Pressure  recovery  in  the  vortex  valve 

Vortex  valve  exhaust  nozzle  radius 

Vortex  valve  chamber  radius 

Bistable  amplifier  power  jet  velocity 


Fluid  density 
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where 


-(,/kM'aD 


and 

VK23  '  K)  *  (,Al)  ' 


If  we  define 


then  Q2  is  given  by 


(15) 


Prom  equations  (8)  through  (13),  the  following  relationships  can  be 
found. 


Qt  =  2Q  -  Q2 

(16) 

PB1  *  ^/1C3 

(17) 

PB2  *  <=2A32 

(18) 

p  *  q2/k2 

1  1  13 

(19) 

P  *  q2/k2 

2  2  23 

(20) 

25 

Thus,  given  the  effective  areas  of  the  mud  pulser  (a1  and  A2J,  the  bit 
area  (a3),  the  mud  density  (P),  and  the  average  flow  rate  through  the 
pulser  (determined  by  the  flow  rate  (Q)  at  the  pump),  it  is  possible  to 
calculate  the  dynamic  downhole  conditions.  Hie  results  of  such  a 
calculation  are  shown  in  table  II  along  with  calculations  of  the  steady- 
state  pressure  that  would  be  expected  if  the  pulser  were  closer  to  the 
mud  pump  or  if  it  were  steadily  operated  in  either  the  easy  or  hard 
direction.  The  relationships  in  table  II  apply  to  any  mud  pulser  in 
which  the  area  changes  are  as  indicated. 

TABLE  II.  PULSER  DYNAMIC  PERFORMANCE 

Drill  pip*  ID  -  3.75  In.  (9.52  cm) 

Bit  area  •  0.35  In.2  (2.26  <ai2) 

Mud  density  •  10  ppq  (1196  kg/m3) 

Sound  *p**d  ■  4710  ft/B  (1435  s^s) 

B*ay  pulser  ares,  A1-ff  ■  1.0  In.2  (6.45  cm2 ) 


Pulser  operating  conditions*3 


Steady  stat* 

Dynamic 

Average  circulation 
flow  rat*  (gal/min)* 

Bit 

pressure 

(p*i)c 

Upstream  pr***ur* 

ip.Dc 

Signal 

pressure 

<p»i>c 

Flow  rat* 

( gal/min)* 

Bit  pressure 
ip.nc 

Upstream  pressure 
(p.De 

Signal 

pressure 

Hard 

Eaay 

Hard 

Easy 

Hard 

Easy 

Hard 

Easy 

(pel) ' 

For  flow  rat*  ■  100 

75 

100 

03 

25 

97 

103 

70 

79 

102 

88 

14 

200 

299 

432 

332 

100 

192 

208 

275 

324 

397 

360 

37 

400 

-  0.5  in* 

(3.2  o»2) 
(Turndown  •  2) 

1197 

1728 

1329 

401 

380 

420 

1078 

1321 

1557 

1460 

09 

For  flow  rat*  »  100 

75 

200 

83 

125 

88 

112 

57 

94 

159 

105 

54 

200 

299 

831 

332 

499 

168 

2  32 

211 

402 

507 

447 

140 

400 

»*.ff  -  0.25  in.* 
(1.6  cm2) 
(Turndown  •  4) 

1197 

3322 

1329 

1993 

325 

475 

792 

1684 

2200 

1071 

329 

*<ft/s)0. 3048  -  (m/s) 


b 

All  pressures  ere  referenced  to  dowhnhole  pressure 
C(psi) 6.995  -  (kPe) 

Examination  of  table  II  shows  that  the  dynamic  signal  pressure 
(water  hammer)  is  much  less  than  would  be  expected  from  steady-state 
operating  characteristics.  However,  if  the  turndown  ratio  is  greater 
than  2  and  the  flow  rate  is  200  gal/min*  or  higher,  then  the  dynamic 
signal  pressure  is  at  least  37  psi . 

Use  of  calculations  such  as  these  allows  pulser  size  and  turndown 
ratios  to  be  optimized  for  a  given  bit  area  and  mud  flow  rate.  Accurate 
calculations  of  downhole  conditions  are  also  necessary  for  valid 
interpretation  of  field-test  data. 


*  (gal/min) 6. 31  *  I0-5  ■»  m3/s. 


